Abstract: Performance of 5 photovoltaic (PV) modules made of different technologies (monocrystalline silicon, polycrystalline silicon, amorphous silicon, copper indium selenide and heterojunction with intrinsic layer) is evaluated according to the short-term capacity evaluation method described in IEC TS 61724-2 standard. Measurements for the analysis are obtained from the data acquisition system developed by the Laboratory for Renewable Energy Sources at the Faculty of Electrical Engineering, Computer Science and Information Technology (FERIT) Osijek which is described in the paper. Results of the performance analysis according to the IEC TS 61724-2 standard indicate that the copper indium selenide PV module Solar Frontier SF150-S has the greatest performance, therefore it is the most suitable PV module for the micro-location of Osijek, Croatia with European humid continental climate. The lowest performance of all studied PV modules is achieved by polycrystalline silicon PV module Bisol BMU 250. Empirical analysis of the relations of various electrical and meteorological parameters is performed and dependencies are evaluated. In the last section, mathematical models of PV module efficiency in relation to the module temperature are derived based on empirical analysis of measurements.
INTRODUCTION
Exploitation of renewable energy sources (RES) has grown rapidly in the 21 st century. This is the result of frameworks and policies which subsidize and encourage usage of RES for electricity production. Many international agreements on greenhouse emissions reduction are signed (Kyoto, Cancun, Lima, Paris) leading to global sustainable energy concept. The most recent framework which the European Union adopted is 2030 Climate and Energy Policy Framework. The framework targets 30 % cut in greenhouse gas emissions compared to 1990 levels, at least a 27% share of renewable energy consumption and at least 27% energy savings compared to the business-as-usual scenario [1] . PVs are a key technology for decarbonized energy supply shift according to [2] . In 2017, additional 99 GW of PV are installed globally leading to total capacity of 402 GW [3] .
Many papers conducted long-term analysis of the performance of different technology PV modules and systems in various locations. These papers conducted an analysis of the PV performance based on one-year or longer measurements. In [4] - [11] , performance analysis of different PV technologies based on one-year measurements is done, while in [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] analysis is conducted based on over one year of measurements. All these papers use long-term energy evaluation method for analysis described either in withdrawn IEC 61724:1998 standard or new IEC TS 61724-3:2016 standard, depending on the year of publication. Main parameter which reflects the PV performance is the performance ratio defined as an electricity generation of a PV system relative to the expected power production for a specified set of conditions [23] . Results indicated that performance of the PV depends on various factors such as solar irradiance, solar spectrum, temperature, wind speed, humidity, PV technology type, dust deposition and shading. This paper, however, studied the performance of 5 PV modules made of different technologies installed on the roof of the FERIT Osijek building using the short-term capacity evaluation method prescribed by the IEC TS 61724-2 standard [24] published in 2016. Osijek is placed in the eastern part of Croatia with European humid continental climate [25] . The Studied PV modules and PV technologies they are made of are the following: monocrystalline silicon (m-Si)Bisol BMO 250, polycrystalline silicon (p-Si)Bisol BMU 250, amorphous silicon (a-Si)Masdar MPV100-S, copper indium selenide(CIS) Solar Frontier SF150-S and heterojunction with intrinsic layer (HIT) Panasonic VBHN240SE10. Experimental data acquisition system for measurements, which complies to the IEC TS 61724-1 measurement standard [26] , is developed by the Laboratory for Renewable Energy Sources [27] , and described in section 2 along with the PV modules which are examined, and capacity evaluation method (IEC TS 61724-2 [24] ) which is used for the performance analysis. Results of the capacity evaluation method are given in section3 followed by empirical evaluation of the results in which mathematical models of PV module efficiency in dependence to the module temperature are also derived.
Novelty of this paper lays in new knowledge gained about performance of PV modules made of different technologies for European humid-continental climate in Osijek, Croatia. Furthermore, mathematical models of efficiency for different PV modules based on short-term analysis are derived.
METHODOLOGY 2.1 Experimental System for Measurements
In order to analyse the performance of the PV modules made of different technologies, same outdoor conditions must take place for each PV module while simultaneously and continuously electrical and climate parameters are recorded in real time. Measurement data acquisition system, which is developed by Laboratory for Renewable Energy Sources at the FERIT Osijek, given in Fig. 1 , records PV module output DC voltage and current, module temperature, ambient temperature, air humidity, wind speed and solar irradiance. Furthermore, measured data is stored in a local and cloud database for further analysis [27] . Technical Gazette 26, 6(2019), 1585-1592 Figure 1 Measurement data acquisition system scheme Every PV module is connected to the micro grid-tie inverter (Fig. 2) . Every inverter has integrated a maximum power point (MPP) tracker which extracts maximum DC power from the PV module. This measurement system does not consider inverter efficiency (electrical measurements are recorded on the DC side of the inverter), therefore this paper studies only PV module performance. 
Capacity Evaluation Method
Capacity evaluation method according to IEC TS 61724-2 standard describes a procedure for measuring and analysing the power production of a PV system. Goal of this procedure is to evaluate quality of the PV system performance. Standard recommends that test includes data from two to seven days of stable data. Test may be completed in any time of year. The weather is characterized by plane of array (POA) solar irradiance (e.g. global solar irradiance in case of flat plate systems), ambient temperature and wind speed [24] . Authors chose measurements from October 2017 for the analysis in order to evaluate the performance of 5 PV modules made of different technologies during the autumn meteorological conditions. Each measuring point (electrical and meteorological) represents 1-minute average.
Procedure
The standard distinguishes constrained and an unconstrained operation mode of the plant. Constrained operation of the plant is a condition when all inverters are limited by the capability of the inverters (saturated) rather than by the output from the PV array. Unconstrained operation of a plant is a condition when outputs of all inverters freely follow PV array response to the solar insolation rather than being limited by the inverter capability [24] .
The standard defines target reference conditions (TRC) for unconstrained operation. TRC are the conditions which are defined for the performance target of the PV module. TRC should be chosen so the unconstrained operation is accomplished. Furthermore, the TRC should reflect an ambient temperature and wind speed that are frequently observed at the site and the highest solar irradiance that is unlikely to cause constrained operation for the lowest temperature expected to be included in the test [24] . TRC used in this research for capacity evaluation of 5 PV modules made of different technologies are given in Tab. 2 and reflect STC. 2 ) and minimum number of 15-minutes average data points (40) for corresponding season (autumn) are also used according to the standard.
Adjustment of the measured output power of the PV module to the targeted performance for the TRC is done by correction factor for each measurement point. Correction factor is calculated as in (1) [24] . pred targ, pred meas,
where: CF i -correction factor for the i th minute, P pred targ,ipredicted output power of the module at the TRC for the i th minute, P pred meas,i -predicted output power of the module at the measured meteorological conditions for the i th minute.
Predicted output powers needed for determining of the correction factor CF i are calculated with the output power mathematical model presented in section 2.2.2. After the calculation of correction factor, output power measured by measurement data acquisition system is then corrected by the correction factor for all points measured during unconstrained stable operation, as in (2) 
where: P corr,i -corrected output power of the PV module for the i th minute, P meas,i -measured output power of the PV module for the i th minute. After the correction, measured corrected power and performance targeted output at the TRC can be compared using one of the four possible performance indices. Authors have chosen the ratio called performance index for power, PIP (%) as in (3) [24] , with target output power at the TRC equal to nominal output power of the PV module at the STC (Tab. 2). 
where: PIP -performance index for power, P target,itargeted output power of the PV module at the TRC for the i th minute, n -total number of minutes in the observed period.
Mathematical Model of PV Module Output Power
Mathematical model for PV module output power calculation is given in (4) [24] :
where: P pr,i -predicted output power of the module for the i th minute, P TRC -output power of the module at the TRC, G meas,i -measured solar irradiance for the i th minute, G TRC -solar irradiance used to target output power at the TRC, γ -power temperature coefficient of PV module, t mod,imeasured module temperature for the i th minute, t TRCmodule temperature at the TRC.
Since this paper evaluates only PV modules (not PV power plants), output power of the PV module is considered to be linear with the solar irradiance. Using the mathematical model given in (4), output power of the PV module depends on solar irradiance and module temperature. Due to small and irrelevant wind speeds that are measured on the test site, PV module's output power dependence on wind speed is neglected in the mathematical model. PTRC and γ for each PV module are obtained from manufacturers datasheet.
ANALYSIS RESULTS

Performance Analysis of 5 PV Modules Made of Different Technologies Using Capacity Evaluation Method According to IEC TS 61724-2 Standard
Capacity evaluation method of 5 PV modules made of different technologies is done for 5 relatively sunny days during October 2017. Solar irradiance of 5 relatively sunny days for which the capacity evaluation method is performed is given in Fig. 3 .
Averaged performance index for power of each PV module studied is given in Tab. 3. Results show that p-Si PV module Bisol BMU 250 achieves the lowest while the CIS PV module Solar Frontier SF150-S achieves the highest performance index for power. Solar Frontier SF150-S performance index for power is over 100 % which means its performance is better than predicted by the mathematical model. Although a-Si PV module Masdar MPV100-S has the lowest conversion efficiency, its performance index is better than m-SiBisol BMO 250, pSiBisol BMU 250 and HIT Panasonic VBHN240SE10 PV module.
In order to evaluate the performance index for power obtained using the IEC TS 61724-2 standard, empirical evaluation of performance analysis of studied PV modules for observed period is given in section3.2. 
Empirical Evaluation of Performance Analysis of 5 PV Modules Made of Different Technologies in the Observed Period
Empirical analysis of the PV modules in this section is done for the data filtered according to the IEC TS 61724-2 standard. Fig. 4 shows the relation of the module temperature and solar irradiance while Fig. 5 shows the relation of ambient temperature and module temperature. It is visible in Fig. 4 that module temperature exhibits, in general, proportional dependency on solar irradiance but it is also influenced by duration of previous cumulative exposure to the Sun radiation (irradiation) and different ambient temperatures, which therefore results in the different module temperatures even at the same solar irradiances [33] . Fig. 6 presents the influence of solar irradiance on MPP current. MPP current is normalized to the PV module MPP current at the STC. Results show linear dependency of the MPP current to the solar irradiance which is visible from the linear trend curves plotted in the figure. Accuracy of the linear dependency assumption is confirmed with strong coefficients of determination (R 2 ) of the trend curves which are given in Tab. 4. Results of R 2 given in Tab. 4 indicate that HIT PV module Panasonic VBHN240SE10 has the most accurate linear regression curve that confirms linear dependency of MPP current and solar irradiance (98,08 %). This R 2 value can also relate to the shape of the PV module I-V curve. It is generally known from the literature that short-current current of an ideal PV cell is equal to MPP current i.e. shunt resistance is infinite while series resistance is zero [34] . By observing the I-V curves given in manufacturers datasheet of the studied PV modules, it is visible that the R 2 value matches the slope of each PV module's I-V curve if the operating point moves from short-circuit to the MPP [28] - [32] . If the slope is zero, short-circuit current is equal to MPP current (no losses). The bigger the slope of the characteristic, the further from ideal the PV module. HIT PV module has no slope at all while the m-Si has the biggest. It can be concluded that R 2 value links the short-circuit current and MPP current which leads to the evaluation of the PV module quality (losses in conductors between the PV cells, collecting electrodes, quality of the PV cell, etc.). The stronger the relation of MPP current and short-circuit current, the higher the R [35] , it can be concluded that efficiency of the PV module depends on the MPP voltage, MPP current and solar irradiance. Since the MPP voltage is in negative relation, which confirms Fig. 7 , and MPP current is in positive relation to the module temperature (current temperature coefficient given by manufacturer) [34] , it can be concluded that behaviour of the efficiency in relation to the module temperature presented in Fig. 8 
where: η mod -PV module efficiency, U MPP -MPP voltage, I MPP -MPP current, A-PV module area, G-solar irradiance. Fig. 7 and Fig. 8 also show that MPP voltage and efficiency of CIS PV module Solar Frontier SF150-S is higher than the STC values. This performance increase is a result of the light soaking effect which nearly every PV technology exhibits, although the value of these changes is differentiating from one PV technology to another [36] . Performance increase of CIS due to the light soaking effect is also stated in manufacturers specification of the PV module [31] . There are also other researches that studied the effect of light soaking on PV technologies [37] - [43] .
The lowest normalized efficiency and the most negative efficiency slope occurs in p-Si PV module Bisol BMU 250 which is expected due to the largest power temperature coefficient defined by the manufacturer (-0.4%/°C) [29] , as it will be elaborated in the following. Fig.  9 shows relation of measured output power of the PV module and solar irradiance where output power is normalized to the MPP output power of PV module at the STC. Results show linear dependence of PV module's output power on irradiance. Deviations from linear trendline occur due to higher module temperatures during the higher solar irradiances, in general. Fig. 10 , efficiency is decreasing with the irradiance increase as a result of the MPP voltage decreasing with module temperature increase (Fig. 7) while MPP current is increasing linearly to irradiance as seen in Fig. 6 . This is a direct confirmation of the assumption of linear dependency of solar irradiance and MPP current as it was modelled in section 2.2.2 with the measurements obtained from data acquisition system in a real case study for European humid continental climate. This in turn also confirms the capacity evaluation method results obtained according to the IEC TS 61724-2 standard.
Tab. 5 gives comparison between results of the performance analysis according to the IEC TS 61724-2 standard i.e. PIP and average output power of PV module from filtered measured data (according to the IEC TS 61724-2 standard). Average output power of PV module is normalized to the STC nominal output power. As expected, normalized measured output power of the PV module corelates with PIP i.e. result of capacity evaluation method according to the IEC TS 61724-2 standard. The difference lays in predicted target and measured values from the mathematical model used for calculation of the PIP. Furthermore, empirical mathematical model of efficiency depending on module temperature for every PV module is derived from the trend curves in Fig. 8 . Empirical mathematical model form is given in (6) as:
where: η mod -PV module efficiency, η mod, STC -nominal PV module efficiency at the STC, b -intercept, mefficiency temperature coefficient, T mod -module temperature. Tab. 6 gives coefficients b and m and equation of the efficiency empirical mathematical model for each PV module. Coefficients of empirical mathematical model given in Tab. 6 for the m-Si Bisol BMO 250 and p-Si Bisol BMU 250 PV modules indicate that the efficiency is decreasing with the module temperature increase (negative m coefficient). This behavior of m-Si and p-Si PV modules is also confirmed in [44] , as it can be seen also in Fig. 11 . Fig. 11 presents the normalized efficiency to the STC efficiency and module temperature of the studied m-Si and p-Si PV modules on October 1, 2017. It is visible from Fig.  11 that efficiency drop occurs during higher module temperatures.
Coefficient b for the a-Si, CIS and HIT PV modules indicates that efficiency is increasing with module temperature. This claim is confirmed with Fig. 12 which shows relation of efficiency normalized to the STC efficiency and module temperature of a-Si, CIS and HIT PV modules on October 1, 2017. It is visible from Fig. 12 that efficiencies do not experience drop even though the module temperature is rising during the day. In opposite, efficiency has an increasing tendency during the day. Deviations from the smooth efficiency curve in Fig. 11 and Fig. 12 are caused by the imperfection of inverter MPP tracker which does not keep operating point of the PV module in the MPP. Although new conclusions were drawn in this paper based on a real case empirical analysis of measurements, it should be taken into account that this study uses measurements for only 5 days in a year, therefore all results need to be additionally confirmed with long-term measurements. Results of the capacity evaluation method indicate that CIS PV module Solar Frontier SF150-S has the greatest performance according to the IEC TS 61724-2 standard, therefore it is the most suitable PV module for the European humid continental climate conditions at microlocation of FERIT Osijek, Croatia. On the opposite, p-Si PV module Bisol BMU 250 PV has the lowest performance of all studied PV modules. Results obtained by analysis are also evaluated empirically using measured data. Performance analysis of studied PV modules is demonstrated trough dependencies of different parameters such as MPP voltage, current and power, module and ambient temperature, solar irradiance and efficiency. Charts show linear dependency for MPP current -solar irradiance, PV module efficiency -solar irradiance, MPP voltage -module temperature, PV module efficiencymodule temperature and PV module's output powerirradiance relations. Furthermore, module temperature exhibits, in general, proportional dependency on irradiance but it is also influenced by duration of previous cumulative exposure to the Sun radiation (irradiation) and different ambient temperatures, which therefore results in the different module temperatures even at the same irradiances.
General conclusion is that empirical evaluation confirms the assumption of linear dependency of solar irradiance and MPP current used in mathematical model since efficiency is decreasing with the irradiance increase as a result of the MPP voltage decreasing with module temperature increase. This is a direct measurement confirmation of the used capacity evaluation method according to the IEC TS 61724-2 standard.
Based on measurements, an empirical mathematical model of efficiency depending on module temperature is derived for each PV module. Results indicate that efficiency of m-Si Bisol BMO 250 and p-Si Bisol BMU 250 PV modules is decreasing with module temperature increase while efficiency of a-Si Masdar MPV100-S, CIS Solar Frontier SF150-S and HIT Panasonic VBHN240SE10 PV modules is increasing with module temperature.
Further research will focus on long-term energy evaluation method of performance analysis according to the IEC TS 61724-3 standard for 5 PV modules made of different technologies.
